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Introduction
The majority of human cancers arise in epithelial tissues. A defining feature of epithelial cells is that they can establish strong intercellular adhesion, which constrains cell mobility (1) . However, epithelial cells are able to shed their epithelial characteristics via epithelial-to-mesenchymal transition (EMT), a reprogramming process first recognized in developmental studies in the 1980s (2) . In response to EMT-inducing signals, epithelial cells weaken or lose cell-cell adhesion, repress the expression of epithelial cell markers (including adhesion molecules such as E-cadherin), and activate mesenchymal genes (e.g., N-cadherin) (3) . These changes endow cells of epithelial origin with the increased migratory and invasive capacity of mesenchymal cells.
Carcinoma cells undergoing spontaneous EMT have been identified in transgenic mouse mammary tumors and in human breast cancer specimens (4) (5) (6) . As EMT may enable carcinoma cells to overcome cell-cell adhesion and to invade neighboring tissue, EMT has been proposed to be a critical event initiating tumor invasion and metastasis (7) . According to the prevailing hypothesis, a small subset of carcinoma cells that are in close contact with surrounding stroma may receive EMT-inducing signals from the microenvironment, undergo EMT, and form the invasive front, thus setting the stage for metastatic dissemination (3, 7, 8) . Consistent with this theory, disruption of E-cadherin-mediated cell adhesion causes tumor invasion and metastasis in a transgenic mouse model of pancreatic β-cell cancer (9) . Moreover, temporal transgenic expression of the EMT-inducing transcription factor Twist1 promotes metastasis in a mouse model of chemically induced skin carcinogenesis (10) . These studies suggest that experimental induction of EMT may stimulate tumor metastatic progression in vivo.
However, the relevance of EMT in cancer metastasis has been controversial (11, 12) . Ectopic induction of EMT fails to induce evident metastasis in transplantation and transgenic mouse tumor models (13, 14) . Acquisition of mesenchymal traits by carcinoma cells may not facilitate metastasis (11) . In human breast cancer, EMT does not predict metastasis and poor clinical outcome (12, 15) . Importantly, recent cell lineage-tracing and genetic studies showed that EMT is dispensable for spontaneous metastasis in multiple transgenic mouse models of breast and pancreatic cancer (16) (17) (18) . These findings suggest that EMT cancer cells may not be solely devoted to metastasis as previously suggested, and warrant a re-evaluation of the significance of EMT in cancer. Although EMT generates mesenchymal-like cells, the exact fates and roles of epithelial tumor cells naturally transitioning to a mesenchymal state in vivo remain largely unclear.
In the present study, we tracked carcinoma cells that underwent inducible or spontaneous EMT in various tumor transplantation models. The majority of EMT cancer cells are not enriched at the edge of tumors, but rather specifically located in perivascular space and closely associated with blood vessels, thereby simulating pericytes. Indeed, EMT cells express multiple pericyte markers and display gene expression patterns similar to those of pericytes. EMT enables cancer cells to attach to vascular endothelial cells and perCarcinoma cells can acquire increased motility and invasiveness through epithelial-to-mesenchymal transition (EMT). However, the significance of EMT in cancer metastasis has been controversial, and the exact fates and functions of EMT cancer cells in vivo remain inadequately understood. Here, we tracked epithelial cancer cells that underwent inducible or spontaneous EMT in various tumor transplantation models. Unlike epithelial cells, the majority of EMT cancer cells were specifically located in the perivascular space and closely associated with blood vessels. EMT markedly activated multiple pericyte markers in carcinoma cells, in particular PDGFR-β and N-cadherin, which enabled EMT cells to be chemoattracted towards and physically interact with endothelium. In tumor xenografts generated from carcinoma cells that were prone to spontaneous EMT, a substantial fraction of the pericytes associated with tumor vasculature were derived from EMT cancer cells. Depletion of such EMT cells in transplanted tumors diminished pericyte coverage, impaired vascular integrity, and attenuated tumor growth. These findings suggest that EMT confers key pericyte attributes on cancer cells. The resulting EMT cells phenotypically and functionally resemble pericytes and are indispensable for vascular stabilization and sustained tumor growth. This study thus proposes a previously unrecognized role for EMT in cancer.
Epithelial-to-mesenchymal transition confers pericyte properties on cancer cells DCIS-Snail-ER cells showed a cuboidal-like epithelial morphology and a clonal growth pattern ( Figure 1A ). By contrast, in tamoxifen-treated tumors, most DCIS-Snail-ER cells became elongated, and interestingly, were aligned to display a capillary-like pattern that was reminiscent of blood vessels ( Figure 1B) . Therefore, we stained the blood vasculature in these tumors with lectin or antibodies against vascular endothelial cell (EC) markers CD31 and CD34 (Supplemental Figure 1B) (23) . DCIS-Snail-ER cells were not stained by these endothelial markers ( Figure 1B ), suggesting that they are not converted into ECs. Instead, the majority of DCIS-Snail-ER cells exhibited periendothelial localization and were aligned with vasculature ( Figure 1B and Supplemental Figure 1C) . By contrast, DCIS-Snail-ER cells in control tumors were isolated from endothelial vasculature and did not show vascular alignment ( Figure 1A ). These observations suggest that EMT enables carcinoma cells to associate with vascular endothelium.
Mesenchymal cancer cells associate with vasculature in tumor xenograft. To determine whether the vascular-association property might be a general trait of EMT cells, we investigated multiple E-cadherin lo /N-cadherin hi mesenchymal cancer cell lines (Supplemental Figure 2A ), which featured a permanent EMT phenotype. Mesenchymal 786-O human renal carcinoma cells were stably labeled with GFP through lentiviral transduction, and subsequently mixed at a 1:4 ratio with unlabeled DCIS epithelial cells to generate tumor xenografts. Tumor vasculature was stained with lectin and antibodies recognizing the EC markers CD31 (also known as PECAM1), CD34, VE-cadherin, and VEGFR2 (also known as FLK1) (23) . More than 70% of 786-O cells in these tumors were closely associated with ECs and in line with blood vasculature (Figure 2 , A and B, and Supplemental Figure 2B ). In a similar setting, when mixed with HCT116 colon or A549 lung epithelial cancer cells to form pericyte functions. Depletion of EMT cells abolishes pericyte coverage, leading to hyperpermeable vasculature and diminished tumor growth. The results suggest that EMT reprograms carcinoma cells into pericyte-like cells that are essential for tumor vascular stabilization, thus revealing a new promalignant effect of EMT.
Results

Mammary carcinoma cells that undergo EMT exhibit perivascular localization and close association with endothelium in vivo.
To monitor EMT cells in vivo, we first established epithelial cells that could be induced to undergo EMT. The zinc finger transcription factor Snail is a central inducer of EMT (19, 20) . Human mammary epithelial cells expressing an inducible form of Snail (Snail-ER) initiated EMT when treated with 4-hydroxytamoxifen (4HT) (21) . We thus transduced MCF10DCIS transformed human mammary epithelial cells (referred to as DCIS) (22) with lentivirus expressing Snail-ER and GFP. The resultant GFP-tagged DCIS Snail-ER cells (referred to here as DCIS-Snail-ER) maintained an epithelial phenotype; however, they underwent characteristic EMT following 4HT treatment (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI86623DS1). As EMT usually occurs only in a minor fraction of carcinoma cells in the primary tumor, we sought to mimic the scenario by mixing the EMT-inducible DCIS-Snail-ER cells with parental DCIS epithelial cells at a 1:4 ratio, and injecting the cell mixture into the mouse mammary fat pad. The resulting tumors consisted of mostly unlabeled DCIS cells and a much smaller number of DCIS-Snail-ER cells that could be distinguished owing to their expression of GFP. Tumor-bearing mice were randomly divided into 2 groups, and received either vehicle (sesame oil) or tamoxifen to induce EMT of the DCIS-Snail-ER cells in tumor mass. In vehicle-treated tumors, still only a small proportion of cancer cells that closely associate with blood vessels. EMT cancer cells express pericyte markers in vitro and in vivo. The association of EMT cells with blood vessels apparently resembled that of pericytes. Pericytes are specialized mesenchymal cells that coat and stabilize the endothelium of small vessels. Pericytes are generally defined based on a combination of mesenchymal morphology, perivascular location, and expression of 2 or more pericyte markers (although there are no strictly pericyte-specific markers) (25) (26) (27) (28) . We asked whether EMT cancer cells might express pericyte markers. We previously performed microarray analysis to compare gene expression between neuT and neuTemt cells (24) . To test whether EMT cells and pericytes were similar, we further compared these cells with mouse primary pericytes (29) . Indeed, neuTemt cells displayed gene expression strikingly similar to that of pericytes (Supplemental Figure 5) . Genes known to be expressed or function in pericytes, such as Pdgfrb, vimentin, N-cadherin, Vcam1 (vascular cell adhesion molecule-1, or Cd106), Itga5 (integrin α 5), and AXL receptor tyrosine kinase (25) (26) (27) (28) , were highly expressed in neuTemt but not neuT cells (Supplemental Figure 5) .
Quantitative RT-PCR and immunofluorescence staining confirmed that expression of many common pericyte markers was markedly elevated in neuTemt, Hs578T, and 786-O mesenchymal cells compared with neuT and MCF7 epithelial cells ( Figure 3A , generate tumor xenografts, GFP-marked 786-O cells also displayed close vascular association in tumors (Supplemental Figure 3A) .
Mesenchymal neuTemt cells were derived from neuT mouse mammary epithelial tumor cells following EMT in vivo (24) . Hs578T human triple-negative breast cancer cells were also mesenchymal. When neuTemt or Hs578T cells were stably tagged with GFP and mixed with unlabeled DCIS epithelial cells at a 1:4 ratio for orthotopic tumor transplantation, the majority of mesenchymal cancer cells closely aligned with vasculature as well ( Figure  2B and Supplemental Figure 3B ). By contrast, when GFP-tagged human epithelial cancer cells such as MCF7 breast cancer cells or H358 lung cancer cells were mixed with unlabeled DCIS cells to generate tumor xenografts, they formed clumps and were segregated from blood vessels (Figure 2 , B and C). These results from various heterologous combinations of cancer cells suggest that mesenchymal cancer cells, but not epithelial cancer cells, are able to associate with blood vasculature in tumor xenografts.
However, in tumor xenografts generated purely from mesenchymal neuTemt cells, only a subset of these cells exhibited vascular association (Supplemental Figure 4) . Similarly, in tumor xenografts derived entirely from DCIS-Snail-ER cells (without the mixture of parental DCIS cells), following the induction of EMT, only a minor population of cells was aligned with vasculature (Supplemental Figure 4 ). Therefore, in mesenchymal tumors, there is fen treatment were associated with pericytes, more than 70% of ECs in tamoxifen-treated tumors became covered by NG2-positive cells (Supplemental Figure 8 ). These data suggest that inducible EMT cancer cells acquire pericyte marker expression in vivo.
We previously observed that a subset of neuT mammary epithelial tumor cells could undergo spontaneous EMT in vivo (24) . We stably labeled neuT tumor cells with GFP through lentiviral transduction and generated tumor xenografts. Fluorescence microscopic examination of tumor sections revealed a small population of neuT cells displaying an elongated cell morphology, indicative of EMT (Supplemental Figure 9) . Immunostaining of ECs demonstrated that such cells were adjacent to endothelial vasculature (Supplemental Figure 9 ), suggesting that spontaneous EMT cancer cells are also associated with blood vessels. These elongated tumor cells exhibited NG2 expression ( Figure 3D ). We further investigated whether a similar phenomenon might occur Supplemental Figure 6 , A and B). TGF-β is a potent EMT-inducing signal (20, 30) . Treatment of A549 human lung epithelial cancer cells with TGF-β instigated typical EMT changes (31) . Multiple pericyte markers were strongly upregulated by TGF-β ( Figure  3A ). In the DCIS-Snail-ER inducible EMT model, expression of pericyte markers was increased while expression of E-cadherin was concurrently decreased by 4HT treatment ( Figure 3B ). These results suggest that EMT induces pericyte marker expression in epithelial cancer cells in vitro.
We asked whether EMT cancer cells express pericyte markers in vivo. In tumor xenografts derived from DCIS-Snail-ER and DCIS mixed cancer cells (as in Figure 1 ), following tamoxifen treatment, the majority of DCIS-Snail-ER cells expressed NG2 ( Figure 3C and Supplemental Figure 7 ), which is one of the most commonly referenced pericyte markers (32) . Consistent with this observation, while few ECs in tumor xenografts without tamoxi- culature is associated with suppression of endothelial growth (25, 26, 28) . When endothelial cells were cocultured with epithelial or mesenchymal cancer cells, Hs578T and 786-O mesenchymal cells exhibited stronger inhibitory effects on endothelial proliferation than MCF7 epithelial cells (Supplemental Figure 11) . Pericytes can directly interact with ECs. These heterotypic cellcell interactions have been demonstrated in vitro in a 3D coculture tube formation assay (33, 34) . Because EMT cancer cells expressed pericyte markers and associated with ECs in tumor xenografts, we in human cancer. In a HER2-positive human breast carcinoma, simultaneous immunostaining of markers for cancer cells, pericytes, and ECs identified breast cancer cells that were attached to endothelium and expressed the pericyte marker α-smooth muscle actin (SMA, encoded by Acta2 in mice) (Supplemental Figure 10) . Taken together, these results suggest that spontaneous EMT cancer cells express pericyte markers in vivo.
EMT cells interact with ECs in vitro.
Pericytes play an important role in regulation of EC proliferation. Pericyte coverage of the vas- , and A549 cells (preincubated without or with TGF-β for 2 days) (C) were mixed with green-colored HMVECs and coplated on Matrigel for tube formation. Photographs were taken 6 hours after seeding. Cancer cells exhibiting extensive interactions with ECs are indicated by white arrowheads and quantified (right panels). Scale bars: 50 μm. Error bars represent SD (n = 4-6). *P < 0.05, **P < 0.01. Statistical differences were determined by 2-tailed Student's t test. Figure 4A ). By contrast, MCF7 epithelial cells exhibited a round cell shape and less than 10% of them were able to tightly attach to ECs like mesenchymal cells ( Figure 4A ). To test whether the affinity for ECs could be acquired through EMT, DCIS-Snail-ER cells with or without 4HT treatment were cocultured with ECs. Approximately 45% of 4HT-treated cells displayed an elongated morphology and close association with EC capillaries, whereas less than 15% of control cells tightly adhered to ECs ( Figure 4B ). In the TGF-β-induced EMT model, around 40% of TGF-β-treated A549 cells demonstrated extensive interactions with ECs, compared with less than 10% of untreated A549 cells showing a similar pattern ( Figure 4C ). These findings suggest that EMT enables cancer cells to interact with ECs.
PDGFR-β and N-cadherin expressed by EMT cancer cells are required for their association with vasculature in vitro and in vivo.
The association of EMT cancer cells with ECs both in vivo and in vitro prompted us to identify molecules that were responsible for such heterotypic cell interactions. During normal vessel maturation, ECs secrete the PDGF ligand to chemoattract pericytes that express its cognate receptor, PDGFR-β, and this paracrine signaling plays a central role in pericyte recruitment and vascular stabilization (25, 26, 28) . Once recruited to the abluminal surface of endothelium, pericytes make direct peg-and-socket contact or form adhesion plaques with ECs (27) . Expressed on plasma membranes of both cell types, N-cadherin establishes adherens junctions that strengthen the heterotypic pericyte-EC association (27, 36, 37) .
We validated that PDGFR-β expressed in mesenchymal cancer cells could be activated by PDGF-B or EC-conditioned media (Supplemental Figure 12A) , suggesting that it is functional. As 
PDGFR-β and N-cadherin were upregulated in EMT cells ( Figure  3 and Supplemental Figure 5 ), we tested whether these 2 molecules were required for the observed interactions between EMT cancer cells and ECs. We depleted PDGFR-β and N-cadherin in Hs578T mesenchymal cancer cells using lentiviral short hairpin RNAs (shRNAs) (Supplemental Figure 12B) . PDGFR-β-depleted Hs578T cells slightly upregulated epithelial genes and showed reduced chemotaxis towards ECs compared with control Hs578T cells (Supplemental Figure 12 , C and D). In the EC coculture tube formation assay, while approximately 45% of control Hs578T cells exhibited intimate association with ECs, only 15% of PDGFR-β-or N-cadherin-depleted cells remained closely bound to ECs ( Figure  5A ), suggesting that both PDGFR-β and N-cadherin expressed by cancer cells are necessary for the EMT cell-EC interaction in vitro.
To verify the role of PDGFR-β and N-cadherin in EMT cell-EC association in vivo, we depleted them in GFP-tagged DCISSnail-ER cells (Supplemental Figure 12B) , and mixed the cells with unlabeled DCIS for orthotopic implantation. All tumor-bearing mice were treated with tamoxifen to induce EMT in DCIS-Snail-ER cells. In tumor sections, nearly 50% of control DCIS-Snail-ER cells displayed tight association with vascular ECs; however, most PDGFR-β-depleted DCIS-Snail-ER cells were detached from vasculature, and less than 10% of them exhibited close interactions with ECs ( Figure 5B ). While N-cadherin-depleted DCIS-Snail-ER cells were found in the vicinity of blood vessels, they lost the ability to align with ECs ( Figure 5B ). These observations suggest that PDGFR-β and N-cadherin expressed by EMT tumor cells are required for their association with ECs in vivo.
Spontaneous EMT cancer cells are associated with vasculature and significantly contribute to tumor pericytes. Based on their pericyte marker expression, perivascular localization, and EC interactions, EMT and mesenchymal cancer cells strongly resembled pericytes. reporter) was active in neuTemt mesenchymal cells but not neuT epithelial cells (Supplemental Figure 13A) . When neuT cells were treated with TGF-β to undergo EMT, the reporter became activated (Supplemental Figure 13A) . Similarly, the reporter was inactive in A549 epithelial lung cancer cells, and was activated following TGF-β-induced EMT (Supplemental Figure 13B) . Prolonged culture of neuT epithelial cells in media containing penicillin and streptomycin led to spontaneous EMT in vitro. Accordingly, in neuT cells transduced with the SMA-mApple A key question is whether carcinoma cells that had undergone spontaneous EMT could contribute to functional pericytes in tumors. The rates of spontaneous EMT in cancer cells in vivo are largely unknown. To better detect spontaneous EMT cells, we sought to establish a reporter system that could highlight such cells. As the Acta2 promoter was active only in mesenchymal cells in a previous study (38) , we used it to drive the expression of the mApple fluorescent reporter in a lentiviral vector. When transduced into cells, the Acta2-mApple reporter (hereafter referred to as the SMA-mApple (Supplemental Figure 1B) , around 70% of ECs in control neuT tumors were covered by NG2-expressing cells ( Figure 7A ). By contrast, the vast majority of blood vessels in the SMA-DTA neuT tumors lacked pericytes, and the pericyte coverage was below 10% ( Figure 7A ). The decrease in tumor pericytes was also confirmed by quantification of pericyte marker expression (Supplemental Figure 17 ). The vessel density (based on EC staining) was not significantly different between the tumors ( Figure 7A ). These results suggest that elimination of EMT cancer cells diminishes pericyte coverage in tumors, which is consistent with the result showing that most SMA-expressing cells in neuT tumors originate from spontaneous EMT tumor cells ( Figure 6D ). Deficient pericyte coverage destabilizes vasculature (25, 26) . Therefore, we surveyed vascular permeability in tumors through intravenous injection of the FITC-dextran dye into tumor-bearing mice. Leaky blood vessels would allow the fluorescent dextran tracers to leak out of the capillaries. Consistent with the pericyte coverage, control neuT tumors exhibited intact vasculature with negligible leakiness, which was evidenced by generally vessel-confined distribution of the dextran dye ( Figure  7B ). By contrast, in SMA-DTA neuT tumors, there was a massive increase in extravascularly diffused dextran ( Figure 7B ), indicative of hyperpermeable blood vessels. Tumor growth critically relies on effective vascular support for access to nutrients and oxygen and removal of metabolic waste (25, 26) . Leaky blood vessels are dysfunctional and ineffective in sustaining tumor growth. SMA-DTA neuT tumors indeed grew more slowly than control neuT tumors ( Figure 7C ). Taken together, these results suggest that through spontaneous EMT, cancer cells functionally resemble pericytes and are required to stabilize tumor blood vessels and fuel tumor growth ( Figure 7D ).
Discussion
The attributes of EMT cancer cells have led to the popular hypothesis that EMT critically drives tumor metastasis. However, this notion has been a matter of debate. Recent studies show that EMT does not contribute to spontaneous tumor metastasis in vivo (16) (17) (18) . Therefore, the significance of EMT in cancer as well as the fate and function of mesenchymal-switched cancer cells in vivo remain poorly defined. We tracked epithelial and mesenchymal cancer cells derived from various tissues as well as inducible and spontaneous EMT breast cancer cells in tumor transplantation models. We found that EMT cancer cells are not located at the tumor-stroma interface. Instead, the majority of them exhibit intratumoral perivascular localization and close association with blood vessels, thus resembling pericytes. EMT markedly activates pericyte markers in epithelial cancer cells, and enables them to interact with ECs in vitro and in vivo. For carcinoma cells that tend to undergo EMT, EMT cancer cells may become a significant contributor to pericytes associated with tumor vasculature, and are indispensable for pericyte coverage and vascular integrity in tumor xenografts. These findings uncover an unorthodox role for EMT in cancer: EMT confers key pericyte properties on carcinoma cells. EMT cancer cells in tumor mass may assume the identity of pericytes (i.e., disguised as stromal cells) and perform pericyte function to stabilize tumor vasculature, thereby improving vascular support for the growth of the bulk tumor ( Figure 7D ).
reporter, a subset of infected cells started expressing mApple following extended culture in vitro. Immunofluorescence analysis confirmed that these mApple-expressing neuT cells had lost E-cadherin and acquired expression of N-cadherin and SMA (Supplemental Figure 14) , suggesting that the SMA-mApple reporter can reliably mark spontaneous EMT cells.
Spontaneous EMT occurs in neuT tumor xenografts (Supplemental Figure 9 ) (24) . To track tumor cells that spontaneously underwent EMT in vivo, we orthotopically transplanted SMAmApple-transduced neuT epithelial cells into mice (prior to transplantation, potential preexisting mApple-expressing EMT cells were removed by flow cytometry). In the resulting tumor xenografts, a fraction (14% on average) of neuT tumor cells activated mApple expression, suggesting that neuT epithelial cells indeed undergo frequent spontaneous EMT in vivo. Similar to aforementioned EMT cells and mesenchymal cancer cells, the mAppleexpressing neuT cells formed vascular-like structures ( Figure 6A and Supplemental Figure 15 ). Immunostaining of EC markers CD31 and VEGFR2 demonstrated that the mApple-expressing neuT cells tightly adhered to endothelial vasculature ( Figure 6A and Supplemental Figure 15 ). To validate that these blood vessels were functional, tumor-bearing mice were injected with fluorescent lectin dye via the tail vein prior to harvesting tumors. Consistently, mApple-expressing neuT cells were found to be juxtaposed with lectin-labeled functional vasculature ( Figure 6A and Supplemental Figure 15 ). Overall, approximately 70% of the mAppleexpressing neuT cells were intimately associated with blood vessels ( Figure 6B ). Although EMT was presumed to occur at the invasive front of primary tumors, the mApple-expressing neuT cells were not enriched at the edge of tumors ( Figure 6C ).
To determine whether spontaneous EMT cancer cells contributed to tumor pericytes, we stained pericytes in tumors with anti-SMA antibodies. Over 60% of SMA-positive cells were indeed derived from mApple-expressing neuT cells ( Figure 6D and Supplemental Figure 16 ). Such cells were also associated with functional blood vessels (marked by intravenously injected lectin) ( Figure 6D ), indicating that they are putative pericytes. Collectively, these results suggest that spontaneous EMT cancer cells are mostly associated with blood vessels and may constitute a substantial portion of all pericytes in tumors.
Spontaneous EMT cancer cells are essential for stabilization of tumor blood vessels and tumor growth. Pericytes are obligatory for vascular integrity. As EMT cancer cells simulated pericytes, we asked whether such cancer-derived cells perform pericyte function and are important for tumor vasculature. For this purpose, we depleted spontaneous EMT cells in tumors and assessed the consequence for tumor blood vessels. We generated a lentiviral construct using the Acta2 promoter to drive a suicide gene, diphtheria toxin fragment A (DTA), which has been widely used to ablate cells in vivo (39, 40) . Mesenchymal cells transduced with the lentiviral Acta2-DTA construct (hereafter referred to as SMA-DTA) died from the cytotoxic DTA. We infected neuT epithelial cells with the lentiviral SMA-DTA or a control vector, and implanted the cells in mice. To evaluate the pericyte coverage in tumors, we stained pericytes with anti-NG2 antibodies and ECs with MECA32 antibodies (41) . Consistent with the early observation that neuT tumor vasculature was well coated by mural cells
Volume 126 Number 11 November 2016 melanoma and glioma cells were found to associate with blood vessels "without any evidence of intravasation" (57) . Melanoma is derived from melanocyte transformation and tends to reactivate the EMT program that has enabled their neural crest ancestors to migrate during embryonic development. Malignant gliomas are often mesenchymal (58) . It is plausible that these vascular-associating melanoma and glioma cells are post-EMT cells. More recently, glioma stem cells were shown to be able to differentiate into pericytes (59) . The differentiation process is induced by TGF-β, which may also activate the EMT program as well. Overall, EMT may significantly contribute to the development of both normal and tumor pericytes.
Other than stimulating angiogenesis, aggressive cancer cells can form de novo perfusable, vascular-like networks by themselves, a phenomenon known as vascular mimicry (60) . Recent studies show that subsets of glioma and melanoma cells (especially stem-like tumor cells) are able to switch on certain EC markers and transdifferentiate into vascular ECs (61) (62) (63) (64) (65) . Such tumor-derived ECs participate in vascularization to ensure a steady supply of oxygen and nutrients for tumor growth. Although we found that EMT cancer cells resemble pericytes and do not evidently contribute to ECs, these studies collectively reflect the complexity, heterogeneity, and importance of the tumor vasculature.
Methods
Cell culture. Human MCF7, Hs578T, A549, H358, 786-O, and HCT116 cancer cells were obtained from ATCC. Mouse neuT and neuTemt mammary tumor cells were previously established (24) . All cells (except 786-O and neuT) were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin. MCF10DCIS cells (Asterand) were maintained in DMEM/F12 supplemented with 10% horse serum, and 786-O cells were in RPMI with 10% FBS. NeuT cells were maintained in media without antibiotics. HMVECs were cultured in EBM2 media with growth factor supplement.
RNA extraction and real-time RT-PCR. Total RNA was extracted using TRIzol (Invitrogen) from various cell lines and indicated tumor samples in accordance with the manufacturer's protocol. cDNA was generated using 1.5 μg of total RNA. Real-time PCR was carried out using SYBR green detection reagents (Applied Biosystems). Quantitative RT-PCR was conducted in triplicate; data represent the mean ± SD. The primers used in the study were: hANGPT1, (sense) 5′-GTCAATGGGGGAGGTTGGACTGT-3′ and (antisense) 5′-TAGGCTCGGTTCCCTTCCCAGT-3′; hDesmin, (sense) 5′-GAGGAGGAGCTGCGGGAGCT-3′ and (antisense) 5′-CAGCTTGGCCTTGAGCCGCT-3′; hN-cadherin, (sense) 5′-TCAGGCTCCAAGCACCCCTTCA-3′ and (antisense) 5′-ATGAC-GGCCGTGGCTGTGTT-3′; hNG2, (sense) 5′-CTAGGCCGGCT-GTTCCACGC-3′ and (antisense) 5′-GCCTCCCAAAAGGGCTC-GGG-3′; hPDGFRB, (sense) 5′-CTGTGGGCCAGGACACGCAG-3′ and (antisense) 5′-AGCACCACCAGGGCCAGGAT-3′; hRGS5, (sense) 5′-GGCCCTGCAGTGGCGTGATT-3′ and (antisense) 5′-CAGCCATCTTGGCAGGGGACT-3′; mAngpt1, (sense) 5′-CAG-CATCTGGAGCATGTGAT-3′ and (antisense) 5′-TTCTGTTG-TATCTGGGCCATC-3′; mN-cadherin, (sense) 5′-ACAGCGCAGTCT-TACCGAAG-3′ and (antisense) 5′-TGGCTCGCTGCTTTCATAC-3′; mNG2, (sense) 5′-GACACCCGCTGTCAGCTC-3′ and (antiTumor vasculature is often portrayed as poorly organized, constantly remodeling, and lacking appreciable pericyte coverage (42) . However, microscopic studies have revealed the nearly ubiquitous presence of pericytes on tumor vessels, although such pericytes are more loosely attached to the vasculature and at reduced density compared with respective normal tissues (25, (43) (44) (45) . Different cancer cells exhibit dramatically varying pericyte coverage when transplanted to form tumor xenografts (46) . In our study, DCIS cell-derived tumor xenografts had very few pericytes whereas blood vessels in neuT tumors were well covered by pericytes ( Figure 7A and Supplemental Figures 1B and 8) . Importantly, tumor vasculature-associated pericytes are functional, as pharmacological blockade of pericyte recruitment through inhibition of PDGFR-β reduces pericyte coverage, destabilizes blood vessels in vivo, and decreases tumor growth (25, 42, 47) . Our study suggests that like pericytes, EMT cancer cells critically stabilize nascent vasculature to nourish tumor growth. In addition, pericytes provide important paracrine trophic signals (including VEGF) to support EC survival and protect ECs from antiangiogenic treatment (25, 48) . Pericyte coverage accounts for the relative resistance of more mature vessels to VEGF withdrawal. Therefore, EMT may also confer resistance to VEGF-targeted antiangiogenic therapies.
PDGFR-β and N-cadherin are critically implicated in the pericyte-EC interactions (25) (26) (27) (28) . In carcinomas, expression of PDGFR-β is generally restricted to stromal cells of mesenchymal origin, and is absent in epithelial tumor cells (49) . However, EMT almost universally upregulates PDGFR-β expression in carcinoma cells (24, (50) (51) (52) (53) (54) (and this study), which may allow EMT cancer cells to respond to EC-secreted chemoattractant PDGF-B and be recruited towards blood vessels. This may explain the observed location of EMT cancer cells at intratumoral vasculature instead of tumor edge. The PDGF-B signaling may also keep EMT tumor cells in the mesenchymal state (53) . N-and E-cadherins usually exhibit mutually exclusive expression patterns, with E-cadherin primarily expressed in epithelial cells and N-cadherin in mesenchymal cells and ECs (55) . As classical cadherins exhibit preferentially homophilic interactions, epithelial cells are unable to form adherens junctions with ECs. The E-cadherin-to-N-cadherin switch is a hallmark of EMT (3, 56) . As homotypic N-cadherin interactions are weaker than homotypic E-cadherin interactions, and N-cadherin signaling stimulates cell motility, EMT-mediated cadherin switch facilitates cell migration and invasion (55) . Furthermore, through this switch, the transitioning cells acquire an affinity for ECs through homotypic N-cadherin interactions. Collectively, the data show that EMT allows carcinoma cells to detach from adjoining neighbors, migrate to the proximity of vasculature through PDGF-mediated chemotaxis, and attach to ECs via N-cadherin-mediated adhesion. Because the induction of PDGFR-β and N-cadherin is a prevalent feature of EMT, EMT may generally confer key pericyte properties on epithelial cells, and may hence represent epithelial-to-pericyte transition under certain circumstances. Indeed, during mammalian embryonic development, many normal pericytes result from EMT (26) . Pericytes of the head, thymus, and outflow tract of the aorta are mostly derivatives of the neural crest, which represents a classical model of EMT, and pericytes in the internal viscera originate from mesothelial cells that undergo EMT (26 For immunostaining of tumor sections (except for anti-NG2 antibody), tumor xenografts were fixed in 4% paraformaldehyde and OCT embedded. Tumor sections (5-μm thick) were stained with Griffonia simplicifolia isolectin B4 (Sigma-Aldrich, catalog L2140), anti-CD31 (BD Pharmingen, catalog 550274), anti-CD34 (Biolegend, catalog 119301), anti-VE-cadherin (Cell Signaling Technology, catalog 2500), anti-VEGFR2 (Cell Signaling Technology, catalog 2479), anti-SMA (Sigma-Aldrich, catalog SAB5500002), and Cy3-conjugated anti-SMA (Sigma-Aldrich, catalog C6198) antibodies.
For pericyte staining with anti-NG2 antibody, sections (5-μm thick) of fresh-frozen tumor samples were fixed with acetone. Anti-NG2 (Millipore, catalog AB5320) and anti-MECA32 (Biolegend, catalog 120501) antibodies were used to stain pericytes and endothelial cells, respectively. DCIS-Snail-ER cells were stained with anti-Snail antibody (R&D Systems, catalog AF3639).
Visualization was carried out under the same settings for comparison using a Leica DMI 6000 B microscope with Openlab software. Quantification in G. simplicifolia isolectin B4-stained tumors was carried out by counting the percentage of GFP-positive cells aligned with blood vessels in 4-6 random visual fields per tumor (3-5 tumors) at original magnifications of ×100 or ×200.
To visualize functional blood vessels in SMA-mApple neuT tumor xenografts, tumor-bearing mice were injected with Dylight 488 Lycopericon esculentum (tomato) lectin (200 μg/200 μl) (Vector Laboratories, catalog DL-1174) via the tail vein 3 hours prior to tumor harvest. To determine the cell origin of pericytes, tumor sections were stained with a rabbit anti-SMA antibody (Sigma-Aldrich, catalog SAB5500002, 1:400 dilution) and Alexa Fluor 647-conjugated anti-rabbit secondary antibody. Confocal images were taken using a Leica TCS SP5 accompanied by LAS AF software. Spontaneous EMT cells express mApple (red). Dylight 488 lectin signal was pseudocolored white and Alexa Fluor 647 SMA pseudocolored green ( Figure  6D ). The percentage of SMA-positive cells overlapping with mAppleexpressing cells was counted manually using ImageJ software in ×200 magnification fields.
Vascular leakiness and density measurement. Mice carrying neuT tumors at similar sizes were injected via the tail vein with 1 mg/200 μl FITC-dextran (2,000 kDa, Sigma-Aldrich) 30 minutes before sacrifice. Tumor sections from OCT-embedded tissue were stained for ECs with anti-CD34 antibodies and visualized by fluorescence microscopy. As previously described (47), quantification of extravasation of FITC-dextran was performed using a grading system in which 0 represents 0% extravascular FITC-dextran and 5 represents 100% extravascular FITC-dextran. Results were plotted as fold change in extravascular FITC-dextran compared with controls. For blood vessel density, area of the blood vessel (labeled by anti-CD34 antibody) was calculated with ImageJ (using the threshold and analyze tool).
Microarray gene expression analysis. Microarray datasets from neuT and neuTemt (cl2) cells (24) and mouse primary pericytes (NCBI GEO GSE46564) (29) were analyzed by clustering. Briefly, we identified differentially expressed genes (fold change > 2, P < 0.05) between neuT and neuTemt microarray datasets. Subsequently, we performed a gene expression cluster analysis among neuT, neuTemt, and pericyte microarray data based on these genes. We derived a multigene score as follows: normalized probeset log2 values were calculated with median values from all samples, and these data were uploaded into Cluster 3.0. We hierarchically clustered the genes using centered corsense) 5′-GCACCTCCAGGTGGTTCTC-3′; mPdgfrb, (sense) 5′-CGGAGCTCAGTGAGAGGAAG-3′ and (antisense) 5′-TCC-GTGACAAAAATGAACAGG-3′. As control, β-actin primers were used: (sense) 5′-ACTGGAACGGTGAAGGTGAC-3′ and (antisense) 5′-AGAGAAGTGGGGTGGCTTTT-3′ for human and (sense) 5′-CTGAACCCTAAGGCCAACCG-3′ and (antisense) 5′-GAGTC-CATCACAATGCCTGTG-3′ for mouse. In the above-mentioned primers, h stands for human and m for mouse.
Coculture tube formation assay. Tube formation assay was performed using indicated cancer cell lines and HMVECs. HMVECs (infected with RFP lentivirus) and cancer cells (infected with GFP lentivirus) were used at a ratio of 3:1. DCIS-Snail-ER-GFP cells were treated with 4HT (100 nM) for 2 days and then used in coculture assay. A549 cells pretreated with TGF-β (5 ng/ml) for 2 days were then cocultured with HMVECs. All experimental conditions were set up and analyzed in triplicate. A total of 15,000 cells were suspended in EBM2 media (Lonza) and inoculated in 96-well plates containing 50 μl of growth factor-reduced Matrigel (BD Biosciences). Photographs of 4 random fields were taken at ×100 magnification 4 hours after seeding. Fluorescent images were obtained using a Leica DMI 4000B microscope accompanied by Openlab software (PerkinElmer). HMVECs and cancer cells that aligned perfectly with one another were quantified manually using ImageJ software (NIH). Cancer cells that remained round were considered negative for EC interaction.
shRNA knockdown. Lentiviral vector pLKO.1 and shRNAs for N-cadherin and PDGFR-β (The RNAi Consortium) were transfected into 293FT packaging cells together with helper plasmids. Supernatant from transfected cells was filtered and used to infect indicated cell lines in the presence of 8 μg/ml polybrene. Infected cells were subsequently selected with 1 μg/ml puromycin.
Western blotting. Whole-cell lysates were resolved by gel electrophoresis using an 8% SDS-PAGE gel, electrotransferred to a PVDF membrane, and probed with anti-E-cadherin (Cell Signaling Technology, catalog 3195), anti-PDGFR-β (Cell Signaling Technology, catalog 4564), anti-PDGFR-β phospho-Y751 (Cell Signaling Technology, catalog 4549), anti-N-cadherin (BD-Transduction Laboratories, catalog 610920), and anti-tubulin (Sigma-Aldrich, catalog T9026) antibodies.
Mouse tumor transplantation models. Inbred nonobese diabetic/ severe combined immunodeficient (NOD/SCID) mice (5-6 weeks old) were maintained under pathogen-free conditions. Tumors were generated by injecting 2 × 10 6 of various cancer cells in the flanks or mammary fat pad of NOD-SCID mice. Mice were euthanized once the tumors reached 1.5 cm in diameter. To induce EMT in DCIS-Snail-ER cells, tumor-bearing mice were randomly divided into 2 groups, and received intraperitoneal injection of tamoxifen (2 mg/200 μl dissolved in sesame oil) or sesame oil every 2 days. For depletion of spontaneous EMT tumor cells in vivo, neuT tumor cells were infected with SMAmApple (control) or SMA-DTA lentivirus. Mice received subcutaneous injection of 2 × 10 6 control cells or SMA-DTA cells. Tumor growth was monitored weekly using digital calipers.
Immunofluorescence analysis and quantification. For immunofluorescence of cultured cancer cells, cells were fixed with 4% paraformaldehyde for 20 minutes, permeabilized with 0.5% Triton X-100, and stained with anti-E-cadherin antibody (Cell Signaling Technology, catalog 3195), anti-N-cadherin antibody (Cell Signaling Technology, catalog 13116), anti-SMA antibody (Sigma-Aldrich, catalog SAB5500002), and anti-desmin antibody (R&D Systems, catalog AF3844).
